Abstract-Hyperspectral imaging has been widely applied in remote sensing scientific fields. For this study, hyperspectral imaging data covering the spectral region from 400 to 1000 nm were collected from an unmanned aerial vehicle visible/near-infrared imaging hyperspectrometer (UAV-VNIRIS). Theoretically, the spectral calibration parameters of the UAV-VNIRIS measured in the laboratory should be refined when applied to the hyperspectral data obtained from the UAV platform due to variations between the laboratory and actual flight environments. Therefore, accurate spectral calibration of the UAV-VNIRIS is essential to further applications of the hyperspectral data. Shifts in both the spectral center wavelength position and the full-width at half-maximum (FWHM) were retrieved using two different methods (Methods I and II) based on spectrum matching of atmospheric absorption features at oxygen bands near 760 nm and water vapor bands near 820 and 940 nm. Comparison of the spectral calibration results of these two methods over the calibration targets showed that the derived center wavelength and FWHM shifts are similar. For the UAV-VNIRIS observed data used here, the shifts in center wavelength derived from both Methods I and II over the three absorption bands are less than 0.13 nm, and less than 0.22 nm in terms of FWHM. The findings of this paper revealed: 1) the UAV-VNIRIS payload on the UAV platform performed well in terms of spectral calibration; and 2) the applied methods are effective for on-orbit spectral calibration of the hyper spectrometer.
I. INTRODUCTION
R ESEARCH on hyperspectral imaging has received worldwide attention, and the hyperspectral remote sensing data are widely used in geological mapping, agriculture, forestry, coastal and inland water studies, environment hazards assessment, and mineral exploration [1] . Typically, hyperspectral remote sensing data are composed of measurements from many contiguous spectral channels and cover the spectrum between 400 and 2500 nm. However, the raw data from hyperspectral imaging spectrometers are radiances that contain information from the interaction of solar radiation with the atmosphere and the earth's surface. The variations in radiance observed by hyperspectral instruments are mainly due to atmospheric absorption and scattering at water vapor bands near 940, 1140, 1380, and 1880 nm, oxygen bands near 760 nm, and carbon dioxide bands near 2010 and 2060 nm [1] . Apart from the atmosphere, other factors also affect the quality of the hyperspectral data, one of the most important of which is the change in spectral calibration parameters between post-flight and the laboratory conditions [2] . Many researchers have suggested that small shifts in spectral calibration parameters can lead to noticeable errors in the corresponding reflectance and other derived physical variables, especially in the spectral regions affected by sharp gaseous absorption such as those mentioned above [1] , [3] , [4] . Thus, accurate spectral calibration and atmospheric correction are essential before further application of the raw hyperspectral data.
Recently, many airborne and space-borne hyperspectrometers have been designed to satisfy remote sensing applications. Most of these imaging spectrometers are whisk-broom [e.g., using airborne visible infrared imaging spectrometer (AVIRIS) sensor] or push-broom (e.g., Hyperion sensor), which are more likely to cause shifts in center wavelength and full-width at halfmaximum (FWHM) [5] , [6] . For instance, the "smile" effect in the hyperspectral data observed from the Hyperion push-broom sensor is due to the intrinsic light dispersion properties of grating spectrometers and to minor misalignment of optical components [7] , [8] . Although these hyperspectral instruments have been carefully calibrated and characterized in the laboratory before being launched, it is still necessary to recalibrate the spectral parameters of the obtained hyperspectral data. For example, AVIRIS preflight calibration must be verified or adjusted to be consistent with the in-flight performance of the instrument. Carder et al. [9] calibrated the in-flight spectral parameters by comparing the AVIRIS observed water-leaving radiance with the field measurements of water-leaving radiance. Green [10] compared the measured AVIRIS radiance and radiance modeled to verify AVIRIS's laboratory spectral calibrations. Gao et al. [1] also refined the spectral calibration of imaging spectrometer data from AVIRIS, portable hyperspectral imaging low light spectrometer (PHILLS), and Hyperion instruments on board aircraft or satellite platforms by using a spectrum-matching algorithm. Jacobsen et al. [11] assessed the spectral data quality of the compact airborne spectrographic imager (CASI) by using atmospheric modeling and fitting the band center location of the oxygen absorption feature centered around 762 nm.
Many methods have been proposed to assess the spectral performance of the on-board or on-orbit imaging spectrometer. Generally, the methods used to calibrate the spectra can be grouped into two categories. The first category compares the measured radiance to that simulated with the ground truth reflectance spectra and the second assumes a constant FWHM to calibrate the hyperspectral data without the need of surface reflectance measurements. Most methods are based on a spectrum-matching algorithm using atmospheric absorption features to improve center wavelength and FWHM calibrations. For example, Green [10] compared the AVIRIS measured and MODTRAN-predicted [12] radiances at typical atmospheric absorption bands to verify AVIRIS's laboratory spectral calibrations. Goetz et al. [13] also performed an analysis of the AVIRIS B-spectrometer's spectral calibration using the oxygen absorption feature band. Researches of [1] , [14] derived the wavelength shifts in hyperspectral data without using the actual surface reflectance. This is particularly advantageous when ground truth data are not readily available. In addition, spectrummatching-based algorithms at typical atmospheric absorption bands have also been applied to the hyperspectral data observed from Hyperion and medium resolution imaging spectrometer (MERIS) sensors [1] , [15] .
In this study, unmanned aerial vehicle (UAV)-based hyperspectral data and the corresponding in situ measured atmospheric parameters and surface reflectance are collected, and two methods proposed by Wang et al. [16] were adopted to assess the spectral characteristics (both center wavelength shits and broadenings in FWHM) of the hyperspectral data observed by the UAV visible/near-infrared imaging hyperspectrometer (UAV-VNIRIS).
II. DATA ACQUISITION
To assess the spectral performance of the hyperspectral data observed from the UAV-VNIRIS, simultaneously measured datasets were required from the field campaign, including the UAV-VNIRIS measured hyperspectral data and the in situ surface and atmospheric measurements. These in situ measurements provided the basis for assessing the spectral performance of the UAV-VNIRIS data.
A. Description of the Field Experiment
As part of the "National High Technology Research and Development Program" to assess the radiometric and spectral calibration of the hyperspectral data observed from the UAV-VNIRIS in China, a calibration experiment and field campaign were undertaken on September 3, 2011, at Urad Qianqi, Inner Mongolia in north China ( , , average 1270 m above the sea level). The semi-desert, clear-sky, and uniform surface of Urad Qianqi were deemed ideal for the calibration experiment.
Fifteen color targets (M1-M15), four gray targets (R1-R4), and four hyperspectral targets (H1-H4) were designed and used to evaluate the spectral performance of the hyperspectral data. Fig. 1 shows a subset from the RGB true-color image (RGB corresponding to bands 50, 30, and 14, respectively) of the hyperspectral data obtained from the UAV-VNIRIS at the study area at 06:42 UTC.
B. Hyperspectral Data Observed From UAV-VNIRIS Sensor
Hyperspectral data with a spatial resolution of 0.7 m were acquired by the UAV-VNIRIS sensor, which flies approximately 3.5 km above ground. The UAV-VNIRIS data covered the visible and near infrared spectral region with 128 near-contiguous spectral bands (400-1000 nm). It is a push-broom scanner utilizing linear charge-coupled device sensors developed by Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences. The VNIRIS sensor is equipped on a UAV operated by the Research Institute of Unmanned Flight Vehicle Design, Beihang University, China. Table I shows detailed configuration of the UAV-VNIRIS provided by the Changchun Institute of Optics.
C. In Situ Measurements
In addition to the UAV in-flight hyperspectral data, in situ measurements of the surface reflectance and atmospheric parameters over the calibration targets were also collected. Fig. 2(a) shows the layout of color targets M1-M15, radiometric targets R1-R4, and the hyperspectral targets H1-H4. Fig. 2(b) shows the author undertaking the surface reflectance measurements over the calibration targets at the time of the UAV overflights. For each radiometric and spectral calibration target, the in situ measurements of the surface reflectance spectra were obtained in long-axis transects at the centers with a SVC HR-1024 field portable spectroradiometer [Spectra Vista Corporation (SVC), Poughkeepsie, NY, USA] at the time of the UAV overflights. Measurements of a reference panel with known standard reflectance provided by SVC were also collected, along with the measurements of each calibration target, based on which the reflectance values of all the calibration targets were estimated. Then, the average reflectance of the calibration target was calculated from these measurements, with compensation for the uncertainties at the time of the UAV overpass.
In addition to the reflectance of the calibration targets, the related atmospheric parameters were also collected from sunrise to local solar noon at the field experiment site. An automatic sun tracking photometer CE 318 (CIMEL Electronique, Paris, France) was used to measure the intensity of the sun, which was then used to calculate the instantaneous aerosol optical depths (AODs) and total column water vapor (CWV). Here, only measurements from the 936 and 870 nm channels of the solar radiometer were used to calculate the total CWV with a modified Langley algorithm [17] and the retrieved total CWV was . The AOD at 550 nm was also estimated from the derived AOD with the Langley algorithm at 440, 670, 870, and 1020 nm channels. Table II shows the wavelength position and the Langley algorithm-derived AOD. Both atmospheric parameters, AOD and CWV, were consistent with the clear and stable sky conditions on September 3, 2011, over the study area.
D. Absolute Radiometric Calibration of the Hyperspectral Data
Absolute radiometric calibration enables the conversion of image digital numbers (DNs) to values with physical units of at-sensor spectral radiance [e.g., μ ]. Conversion to at-sensor spectral radiance and top-of-atmosphere (TOA) reflectance are the fundamental steps to compare products from different sensors. Thus, absolute radiometric calibration is a necessary, but usually expensive, step in assuring the data obtained from an optical satellite sensor is satisfactory for its intended user group [18] .
Calibration methods, both in laboratory and in-flight, have been proposed by researchers during the past years, wherein the ground-reference approach is a common method used to predict the radiance at the TOA over a selected test site based on radiative transfer model simulation [19] . In this study, the groundreference method is adopted to carry out the absolute radiometric calibration. The conversion of DN to at-sensor spectral radiance is generally expressed in the following equation:
where gain and offset are absolute radiometric calibration coefficients; DN is the digital number observed by the UAV-VNIRIS; and is the simulated at-sensor spectral radiance with the measured surface reflectance atmospheric characteristics over the test site at the time of satellites overpass. Four radiometric calibration targets with nominal reflectance of 20, 30, 40, and 50% were used to conduct the radiometric calibration. Fig. 3 shows the measured surface reflectance of the four radiometric calibration targets with the SVC HR-1024 at the time of the UAV overflights.
The at-sensor radiance over the four radiometric calibration targets was simulated using the MODTRAN 5 model with the atmospheric parameters measured at the time of the UAV overflights. The DN values were calculated by averaging the data from pixels centered on the four radiometric calibration targets. Then, the absolute radiometric calibration coefficients were obtained by a linear regression between the DN values and the simulated at-sensor radiances of the four radiometric calibration targets. Fig. 4 plots the simulated at-sensor radiance versus the DN values of the four radiometric calibration targets at wavelengths of 760, 820, and 940 nm, respectively. There are good linear relationships between the simulated at-sensor radiance and the DN values, with of 0.9985, 0.9989, and 0.9956 in wavelengths 760, 820, and 940 nm, respectively. The absolute radiometric calibration coefficients over the full 128 bands are shown in Fig. 5 . Finally, the UAV-VNIRIS-observed DN values were converted to the at-sensor spectral radiance based on the absolute radiometric calibration coefficients.
E. Laboratory Spectral Calibration of the UAV-VNIRIS Spectrometer
As described in the introduction section, spectral calibration is essential to the further application of the hyperspectral data obtained with spectrometers. Usually, laboratory spectral calibration is first conducted to calibrate the center wavelength and FWHM before spectrometer was launched since laboratory is the most accurate environment for a spectral calibration campaign carried out in a controlled setup.
The laboratory spectral calibration of the UAV-VNIRIS spectrometer was carried out by the UAV-VNIRIS manufacturer (Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences) based on a monochromatic collimated cursor titration method in a dark optical laboratory. A monochromator is used to output monochromatic light within the spectral range of UAV-VNIRIS, and at the same time, the spectral response of UAV-VNIRIS for each monochromatic light is recorded. Then the center wavelength and FWHM for each channel are calculated by fitting the spectral response data using Gaussian function [20] Here, is the spectral response in channel over different wavelength . and are the center wavelength and FWHM of channel , respectively.
III. METHODOLOGY
Two improved methods were adopted to assess the spectral characteristics of the hyperspectral data (the center wavelength and FWHM) observed with the UAV-VNIRIS. These two methods, proposed and validated with the synthetic data by Wang et al. [16] , were based on spectrum matching of atmospheric absorption features at oxygen bands near 760 nm and water vapor bands near 820 and 940 nm.
A. Spectral Calibration Method With Measured Surface Reflectance (Method I)
For this study, an improved method proposed by Wang et al. [16] was adopted to evaluate the spectral performance of the UAV-platform hyperspectral data by using the measured surface reflectance and in situ atmospheric parameters. Hereinafter, it is referred to as Method I.
For a flat, Lambertian surface under a horizontally homogeneous atmosphere, the TOA radiance can be expressed by the classic radiative transfer equation [21] where is the radiance measured by the sensor; is the path radiance; is the incident solar flux density perpendicular to the solar incident beam at the TOA; and are the cosine values of the viewing and solar zenith angles, respectively; and are the total transmittances from the surface to the sensor and the sun to the surface, respectively; is the surface reflectance; and is the spherical albedo of the atmosphere.
By rearranging (3), the apparent reflectance can be expressed by However, in (4) is a nonlinear function of both the atmospheric condition and the spectral wavelength, and thus, likely leads to uncertainties in the final results because of the nonlinearity effect during the spectral matching. Therefore, the effective apparent reflectance is derived instead of the apparent reflectance in order to minimize the shape discrepancy of the spectra to be matched. The effective apparent reflectance can be expressed by It can be seen from (5) that is the product of and the total atmospheric transmittance when is much smaller than 1. In this case, the spectra to be matched can become more similar in terms of shape, which makes it possible to accurately monitor the shifts and broadenings in the spectral response function (SRF) by fitting the atmospheric absorption features. Assuming the SRF of the UAV-VNIRIS used in this study follows a Gaussian model expressed by Here, is the spectral response in channel and are the center wavelength and FWHM of channel measured in the laboratory, respectively, while and are the shifts of the center wavelength and FWHM at band , respectively.
Spectral transformation of hyperspectral data is a frequently used method to enhance expected information. As study showed in [22] , normalized optical depth derivative (NODD) spectra show less sensitivity to surface reflectance and atmospheric water vapor; the residuals resulting from the uncertainties of surface reflectance and atmospheric parameters can be greatly controlled during the retrieval of spectral parameters, if using the NODD spectra, rather than the raw radiance spectra. Therefore, the NODD spectrum is adopted here to improve the retrieval accuracy of the spectral characteristics in center wavelength and FWHM. According to the description by Felde et al. [22] , the NODD spectrum can be derived in the following manner: First, the negative of the natural logarithm on the original radiance spectrum is taken; second, differences between adjacent spectral channels are calculated to eliminate the base-line and convert the slope to an offset, leading to a derivative-like spectrum; the resulting spectrum is then mean subtracted to eliminate the offset, producing a spectrum that is independent of the surface reflectance; and finally, the result is amplitude-normalized by scaling to unit root mean square, yielding the final spectrum named NODD. In addition to the NODD transformation, a continuumremoved spectra tool (proven to be a very useful in refining the spectral calibration [1] ) has also been incorporated into Method I. After the NODD transformation and continuum removal procedures, the two sets of processed spectra, the total atmospheric transmittance spectra, and the effective apparent spectra at the typical atmospheric absorption channels were passed into the merit function, as expressed in (7), whose value will be iteratively assessed by employing the optimization procedure until its minimum is reached. Equation (7) is composed of two parts: 1) the traditionally used residuals of observed and simulated spectra (radiance or NODD spectra); and 2) the shape similarity of these two spectra by measuring the spectral angle. The cost function used in this paper is more stable and proper for retrieving spectral parameters based on the Powell optimization procedure [23] after many tests using the simulated data. Given the initial values of center wavelength and FWHM, both the shifts in center wavelength and the changes in FWHM can be retrieved when the minimum value of the cost function is found where SSE and SA are the cost function and the normalized spectral angle [24] between the processed effective apparent reflectance spectra and the processed total atmospheric transmittance spectra , respectively. The weight coefficient is adopted as 0.6 in this study. Fig. 6 shows the flowchart for the main steps of Method I.
B. Spectral Calibration Method Without Surface Reflectance Measurements (Method II)
Most methods [3] , [4] , [22] used to refine the spectral calibration compare the measured radiance and MODTRAN modeled radiance based on the ground truth reflectance spectra. However, those methods generally need to model the measured radiance at sensor and require accurate knowledge of the atmospheric and surface conditions. Therefore, a spectral calibration refinement method that does not use surface reflectance measurements would be greatly practical and promising. To this end, a method (hereinafter referred to as Method II) introduced also by Wang et al., [16] is applied here continue to evaluate the spectral performance of the UAV-VNIRIS. Unlike Method I, the NODD is also incorporated and the continuum-removed algorithms Method II can be applied by common user without needing the in situ measured surface reflectance.
The merit function of this method, as expressed in (8), is similar to (7) except for the variables and
Here, is the processed radiance at band , which is simulated with MODTRAN on the basis of the surface reflectance (here is 0.15).
is the processed radiance of the observed radiance spectra by the UAV-VNIRIS at band . The optimization algorithm was also employed here to minimize the merit function at the typical atmospheric absorption features. A flowchart describing the process is shown in Fig. 7 .
IV. RESULTS AND DISCUSSION
Method I first determines three atmospheric parameters , , and in (1) by solving the three equations formed from the outputs of MODTRAN 5 with three nominal surface reflectance of 0.0, 0.5, and 1.0. Then, the effective apparent reflectance of the 23 calibration targets (15 color targets, 4 radiometric targets, and 4 hyperspectral targets) were calculated based on the radiances observed by UAV-VNIRIS and the three atmospheric parameters estimated above. Both the effective apparent reflectance spectra and the total atmospheric transmittance should be convoluted with the SRF of UAV-VNIRIS. For Method II, a constant value of 0.15 was selected as the input surface reflectance for MODTRAN 5 to simulate the at-sensor, high-resolution radiance, which should also be convoluted with the UAV-VNIRIS SRF.
To evaluate the spectral performance of the UAV-VNIRIS, three groups of absorption band in the vicinity of 760 (oxygen absorption), 820, and 940 nm (water absorption) were selected to retrieve the shifts in center wavelength and FWHM. With the simulated data and the observed radiance of the 23 calibration targets, the changes in the center wavelength and FWHM were retrieved using the algorithms of Method I and II by matching the three atmospheric absorption features, respectively. The retrieved shifts in center wavelength and FWHM of the UAV-VNIRIS from Method I and II are shown in Figs. 8 and 9 , respectively. On the whole, the calibrated shifts in center wavelength and FWHM retrieved from Method I are quite consistent with shifts derived from Method II. For oxygen absorption bands centered at 760 nm, it can be concluded that the shifts of FWHM track pretty better than center wavelength except relatively large differences of retrieved shifts in FWHM of two calibration targets. The mean biases of the center wavelength shifts and FWHM broadenings between these two methods are less than 0.13 and 0.18 nm, respectively. The mean differences between laboratory and on-board derived center wavelength and FWHM near oxygen bands for the calibration targets ranges are less than 0.13 and 0.2 nm for both methods.
For water vapor absorption centered at 820 nm, the differences between the two methods over all 23 calibration targets are less than 0.05 and 0.08 nm for center wavelength and FWHM changes, respectively. Although the on-board-derived center wavelength shifts over the calibration targets are basically consistent with the laboratory calibrated results (mean differences about 0.08 and 0.12 nm for Methods I and II, respectively), the difference between laboratory and on-board derived FWHM shifts over the calibration targets ranges from to 0.66 nm, with the mean difference less than 0.22 nm for both methods.
For water vapor absorption centered at 940 nm, the range of shifts between retrieved and laboratory calibrated center wavelength is from to 0.18 nm for Method I and from to 0.17 nm for Method II. The average offset in center wavelengths compared to the laboratory calibrated results is about 0.08 nm for both Methods I and II. Similarly, the broadenings in FWHM range is from about to 0.31 nm for Method I and from to 0.49 nm for Method II. The mean offset in FWHM is about 0.14 and 0.21 nm for Methods I and II when compared with the laboratory calibrated results. The differences between Methods I and II are less than 0.08 and 0.19 nm for on-board retrieved center wavelength and FWHM near 940 nm water vapor absorption bands.
In addition, our analysis showed that relatively larger changes in spectral parameters frequently occur for targets of H1, M4, M7, M10, and M13, especially for the broadening in FWHM. The large variation in the derived results in the oxygen band near 760 nm and two water bands near 820 and 940 nm are likely due to poor radiometric calibration, errors associated with the radiative transfer calculations, and remaining noise in the data. Considering the uncertainties in the retrieved spectral calibration, the final calibrated results of center wavelength and FWHM were calculated by averaging the outputs from Methods I and II.
With Methods I and II, we can derive the spectral variations in any cases, no matter whether the surface reflectance can be available. Moreover, from our above analysis, it can be concluded that in most cases the Method II would be better for spectral calibration of hyperspectral data considering its convenience and comparable accuracy.
V. CONCLUSION
Although remote sensing instruments are rigorously calibrated and characterized in the laboratory before being launched, it is still necessary to assess the performance of the spectra obtained from the remote sensing instruments, especially for airborne imaging spectrometers. In this study, two methods were adopted to derive the center wavelength and FWHM of the UAV-VNIRIS to assess the spectral performance. These two algorithms are based on spectra-matching by comparing the measured radiance and MODTRAN 5 modeled radiance in atmospheric oxygen absorption bands near 760 nm and two water vapor absorption bands near 820 and 940 nm. The results show that despite the differences in methodology, both Methods I and II arrived at nearly the same conclusion. In certain cases, the atmospheric parameters and surface reflectance required for Method I may not be readily available. In this case, Method II can be employed to evaluate spectra shifts. Thus, Method II, developed here, can be considered an alternate to Method I in cases lacking measured surface reflectance.
Comparison of the spectral calibration results of Methods I and II over the calibration targets show that these two methods derive center wavelength and FWHM shifts similarly. Differences between these two methods depend on the absorption bands. For example, the average differences are 0.13 and 0.18 nm with respect to the center wavelength and FWHM for the oxygen absorption band, which is larger than the water vapor absorption bands near 820 nm that have average differences of 0.05 and 0.02 nm for center wavelength and FWHM. The average shifts in center wavelength derived from Methods I and II over the three absorption bands are less than 0.1 and 0.13 nm, respectively, compared to laboratory calibration. Similarly, analysis over the 23 calibration targets using 760, 820, and 940 nm absorption features of the UAV-VNIRIS showed an on-board shift of about 0.2 nm in terms of FWHM compared to the laboratory calibration results. In other words, the center wavelength varies little compared to the laboratory calibrated results, while the FWHM shows a relatively large difference from the laboratory calibration.
Finally, it should be noted that the accuracy of radiometric calibration and spectral calibration may affect each other in actual cases. However, in this study, the absolute radiometric and spectral calibration were undertaken separately, i.e., the absolute calibration was undertaken before the spectral calibration. Considering the excellent fitting during the radiometric calibration and the smaller changes in spectral parameters of UAV-VNIRIS, the separate treatment of radiometric and spectral calibrations in this study has theoretically limited effect on the final calibration results. If possible, a promising way to solve this issue is to simultaneously derive the radiometric and spectral calibration parameters. This is our main work in the near future. Apart from coupling between radiometric and spectral calibration, other possible error sources such as data noise, radiative transfer calculations could also contribute the uncertainties in evaluating UAV-platform hyperspectral data. Therefore, two points should be considered in future work to improve the radiometric and spectral calibration accuracy of imaging spectrometers: 1) calibration of the radiometric and spectral characteristics should occur jointly; and 2) data measured at different times and location should be compared.
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